Introduction
Remodeling during heart failure is characterized by structural rearrangement of the cardiac ventricular wall architecture. It involves hypertrophy of cardiomyocytes, fibroblast proliferation, and increased deposition of extracellular matrix (ECM) proteins (Brower et al., 2006) . Support of the left ventricle with a Left Ventricular Assist Device (LVAD) in patients with end-stage heart failure results in less neurohormonal activation (Estrada-Quintero et al., 1995; Frazier and Myers, 1999; Bruggink et al., 2006a) , improvement of the patient's general condition (De Jonge et al., 2001; Grady et al ., 2003) , reduction in ventricular diameter (reverse remodeling), and limited recovery of contractile elements in cardiomyocytes (Muller et al., 1997; De Jonge et al., 2002) . Furthermore, reduction of ECM volume (Milting et al., 2008; Goldsmith and Borg , 2002; Bruggink et al., 2006b) , diminished production of tumor necrosis factor (Thohan et al., 2005; Bruggink et al., 2008) , and reduction in brain natriuretic protein serum levels (Bruggink et al., 2006a; Kemperman et al., 2004) have been described during LVAD support. The changes in ECM during this process of reverse remodeling resulted not only in a time-dependent change of type I and type III collagen protein (Goldsmith and Borg, 2002; Stamenkovic, 2003) , but also in considerable changes in composition of the basal membrane. These included amongst others reduced collagen type IV content in the cardiomyocyte basal membrane, as a result of increased matrix metalloproteinase activity (Bruggink et al., 2007; Spinale, 2002; Li et al., 2001; Klotz et al., 2005) . So, during LVAD support myocardial architecture and composition change at the level of both the cardiomyocytes and the ECM. The mechanics of the heart require a close interplay between cardiomyocytes and the ECM (Parker and Ingber, 2007) and therefore, one may anticipate a coordinated change in the molecules responsible for this interaction. These changes may not be the same in all heart failure patients supported by a mechanical support device. Some patients' hearts may improve and may be eligible for removal of the support device without a heart transplantation (bridge to recovery and weaning from the device), whereas others do not www.intechopen.com improve on support or may even deteriorate and these patients remain on the device (destination therapy) or will ultimately receive a heart transplant (bridge to transplantation). To make the proper choice of the type of therapy for each patient a good set of (bio)markers is required (De Weger and De Jonge, 2009) . In this chapter, we describe whether mRNA expression patterns could be indicative for the state of heart functionality supported by a LVAD (Heart-Mate I, Thoratec, Pleasanton, CA, USA). The changes in mRNA profiles that are detectable in myocardial biopsies taken from patients with end-stage heart failure due to dilated cardiomyopathy (DCM) or ischaemic heart disease (IHD) before and after LVAD support were analyzed, and compared with biopsies taken from control hearts as a reference (Table 1) . Furthermore, the expression of 109 genes is described, which are involved in the process of mechanotransduction in the heart. Their expression was studied by Quantitative(Q)-PCR. The cohort comprised selected genes coding for ECM filaments (such as collagens), transmembrane proteins (molecules that connect cells and matrix components like integrins and sarcoglycans), intracellular molecules, adhesion molecules related to mechanotransduction and signal transduction, ion-channel molecules, and factors involved in pro-and anti-fibrotic processes. The expression of mRNA is not always directly related to protein production, due to posttranscriptional regulation. Recently, it is has been shown that intracellular gene expression is regulated in part by small RNA molecules: microRNAs (miRs). These miRs are highly expressed in heart tissue Cheng et al., 2007) and have also been related to heart diseases (Chen, 2007; Van Rooij et al., 2006) . The list of regulatory miRs involved in heart disease is constantly increasing (Coutinho et al., 2007; Markham and Hill, 2010 Schuldt, 2010 ). An additional goal of this study was therefore, to analyse the changes in expression of 4 miRs that are known to be expressed in the myocardium (Chen, 2007; Ikeda et al., 2007) : miR-1, miR-133a, miR-133b and miR-208. These miRs have been related to heart failure. The expression of these miRs was measured in the same group of patients used to analyse the mRNA expression after LVAD support. Our purpose was to find out whether the LVADinduced remodeling of the heart was accompanied by changes in the expression of miRs that could influence the protein expression of the mRNA studied. This could make expression of some mRNAs less suitable as biomarker for the assessment of the functional quality of the supported heart. If this is the case the expression of miRs may serve as better markers either in the myocardium or the serum.
Tissue distribution of mRNA and miR in the myocardium
Tissue samples taken form various locations in cross sections of the heart showed that the expression of both miR in the right and left ventricular wall did not show significant variation. Only in the infarcted area the expression of miR was low to absent. Similar data were obtained for mRNA ( Figure 1 ). 
Hierarchical clustering of gene expression in myocardial tissue of IHD and DCM patients
The gene profiles in DCM and IHD heart tissue, detected by Q-PCR, were compared using TIGR software (www.tm4.org). Figure 2 shows the whole data set for all pre-LVAD samples versus the median of control samples. Hierarchical clustering was performed on all 92 detectable genes. The genes that were not detectable (n=14) and house keeping genes (n=3) were excluded ( Table 2 ). The clustering segregated two groups: one group consists of 6 DCM and 1 IHD patients and the other group consists of 5 IHD patients with 2 DCM patients. One DCM and one IHD patient were clustered outside both groups. So, there is a strong tendency of segregation between IHD and DCM. Therefore, the DCM and IHD patient groups were analyzed separately in this study. To compare DCM and IHD the median was taken from the RQ (relative quality) of control hearts. To compare pre-and post-LVAD in DCM and IHD samples, the median of all DCM or all IHD samples were taken, respectively. Clustering was performed on the whole dataset, and distance metric selection (Euclidean distance) and linkage metric selection (Complete linkage clustering) were used (www.tm4.org). This segregated two groups; one group consisting of 6 DCM patients with 1 IHD patient, and the other of 5 IHD patients with 2 DCM patients. Two patients (one DCM and one IHD) clustered outside these groups. Red: mRNA expression is higher than the median of control hearts. Green: mRNA expression is lower than the median of control hearts. Grey: not done. www.intechopen.com Table 2 . Statistical analysis of gene expression profiles in DCM and IHD patients. Significant changes are indicated in yellow. The genes are grouped by function/location. Abbreviations: extracellular matrix proteins (ECM), pro-and anti-fibrotic factors (P/AFF), basal membrane proteins (BM), transmembrane and adhesion molecules (TAM), intracellular filaments (IF), and signal transduction factors (STF). Applied Biosystems (AB). > and < indicate whether gene expression is significantly higher or lower compared to control.
Hierarchical clustering of gene expression in myocardial tissue pre-and post-LVAD support
Hierarchical clustering of the IHD samples showed a clear segregation into a pre-and a post-LVAD group (Figure 3) . In DCM patients a similar segregation into a pre-and a post-LVAD group was not evident (data not shown).
Differential expression of genes in myocardial tissue pre-and post LVAD
Changes in gene expression were tested individually using the paired t-test in DCM and IHD separately. Furthermore, these gene profiles were compared with gene profiles of controls to test whether gene profiles normalized or showed a tendency to deviate from normal after LVAD therapy using the unpaired t-test. Table 2 shows all genes investigated, grouped by function/ location: extracellular matrix proteins (ECM), basal membrane proteins (BM), transmembrane and adhesion molecules (TAM), intracellular filaments (IF),
www.intechopen.com signal transduction factors (STF) and pro-and anti-fibrotic factors (P/AFF) with the pvalues and fold changes. In Table 3 only the genes that show significant changes are indicated for DCM and IHD patients separately. Only a minority of genes showed a significant difference between preand post-LVAD: DCM 19/92 genes (21 %) and IHD 12/92 genes (13 %). Most of these genes showed an upregulation post-LVAD (DCM 18/19 genes and IHD 8/12 genes). In DCM pre-LVAD 6 genes and post-LVAD 9 genes were upregulated compared to control. Only one gene, encoding caveolin, showed a decreased expression in both pre-and post-LVAD compared to control. In IHD pre-LVAD 12 genes were upregulated and 2 downregulated compared to control. Post-LVAD 6 were upregulated and 2 downregulated. Among these, two genes (dystrophin and laminin gamma 1) showed an increased expression compared to control in both pre-and post-LVAD samples. Relative mRNA expression was determined pre-and post-LVAD of DCM and IHD and tested in paired t-test. Increase of collagen 14 1 mRNA expression is significant in DCM but not in IHD. Compared to the control, only the mRNA expression pre-LVAD of IHD patients is significantly higher (unpaired t-test). Decorin is significantly increased post-LVAD in DCM. None of the pre-and post-LVAD samples differed significantly from the control samples.
Genes encoding extracellular matrix proteins
In DCM, 5 genes encoding ECM proteins were upregulated post-LVAD. However, except for collagen type VI alpha3, these genes did not differ significantly (either pre-or post LVAD) from control. This indicates that the increased expression of these 5 genes induced by the LVAD support is significant but as a group are not different from the control group (Figure 4) . In IHD most differences between pre-LVAD and control were observed in genes encoding ECM proteins, but in post-LVAD samples these differences had disappeared, suggesting a high expression of ECM gene activity pre-LVAD (Figure 4 ). Relative mRNA expression was determined pre-and post-LVAD of DCM and IHD and tested with the paired t-test. Increase of integrin 6 mRNA expression was significant in both DCM and IHD during LVAD support. Compared to the control, only the mRNA expression pre-LVAD of DCM patients is significantly lower (unpaired t-test). Integrin 6 is only significantly increased post-LVAD in the IHD group. Compared to the control none of the pre-and post-LVAD samples differed significantly. 
Genes involved in the fibrotic pathway
In the fibrotic pathway remarkable differences between DCM and IHD were observed. In DCM patients the expression of genes encoding pro-fibrotic factors (TGF 1, FGF, IGF, endothelin and CTGF) remained unchanged, whereas the genes encoding anti-fibrotic proteins (BMP-4, BMP-7, decorin and ID1) increased after LVAD support. Pre-LVAD the expression of the pro-fibrotic factor FGF2 and the anti-fibrotic factor BMP-7 was low compared to control. Post-LVAD the expression of the anti-fibrotic factor BMP-4 was increased compared to control. However, in IHD patients these genes showed unchanged expression during LVAD support, but in pre-LVAD samples the pro-fibrotic genes are expressed stronger than in control and the anti-fibrotic gene BMP-7 is expressed less than in control. The post-LVAD expression pattern is comparable to that of control.
Genes encoding basal membrane proteins
The gene encoding osteopontin is the most remarkable member of the BM group. In both DCM and IHD patients, osteopontin expression is significantly reduced after LVAD www.intechopen.com support. Other BM proteins showed hardly any change, apart from laminin, vitronectin and thrombospondin (anchoring proteins). Several integrins showed differential expression (mostly upregulation) in both DCM and IHD patients. In particular, integrin 6 gene expression showed a strong increase after LVAD in the IHD group ( Figure 5 ). Other membrane molecules, like caveolin, sarcoglycan and ATPase calcium transporting molecule, showed a low expression compared to control either pre-or post-LVAD.
Genes encoding intracellular proteins
Expression of some intracellular filament genes changed significantly after LVAD support in DCM (2/19: filamin, talin) and in IHD (1/19:desmoplakin), suggesting only a minor intracellular filament involvement. In this group it was remarkable that in IHD the gene encoding dystrophin was upregulated both pre-and post-LVAD. Relatively many changes in the expression of signal transduction factors were observed after LVAD support both in DCM (2/8: Focal Adhesion Kinase and Ryanodine Receptor 2) and in IHD (4/8: catenin, myocyte enhancer factor 2A and 2C, and Ryanodine Receptor 2).
Changes in miR expression during LVAD support
Total RNA was isolated from heart tissue of heart failure patients pre-and post-LVAD. The relative quantities of miRNA1, miRNA133a, miRNA133b and miRNA-208 were established with the Taqman® MicroRNA assay (Applied Biosystems, Foster City, CA, USA). In Figure  6 the expression of miR-1, miR-133a and of miR133b is shown for DCM and IHD patients pre-and post-LVAD. Compared to control levels the miR expression in both heart failure groups was low for all miR tested. These low levels were more significant in IHD than in DCM. After LVAD support the levels did not change significantly, although in IHD there was a tendency that the miR expression levels return to normal. In patients with DCM we observed a tendency of further decrease. The expression of miR-208 showed similar changes (data not shown) as did the other three miRs. However, the expression was too low to make a reliable statistical analysis. The results of the statistical analyses are presented in Table 4 . These data confirm that in DCM patients, LVAD support did not increase the low miR-expression. In patients with IHD the values of expression of the miRs after LVAD support were not significantly different from those in the controls, indicating that there was a tendency of the low levels of miRs to increase after LVAD in IHD patients.
Discussion
During unloading, the myocardium of the failing heart shows various changes, both macroscopically and microscopically. Major changes include reduction of cardiomyocyte size, and changes in the volumes of ECM and BM components (Goldsmith and Borg, 202; Bruggink et al., 2006; Parker and Ingber, 2007) . In many studies analyzing the effect of mechanical support on heart failure, only marginal differences have been observed between IHD and DCM (Bruggink et al., 2006a; De Jonge et al., 2001 , 2002 Grady et al., 2003) . However, in the present study hierarchical clustering of all expressed genes in end-stage heart failure showed that DCM and IHD segregated and could be identified as separated entities (Figure 2 ). For this reason both groups were analyzed separately. In the IHD group pre-and post-LVAD samples did segregate by hierarchical clustering (Figure 3 ). In the DCM group no such separation of pre-and post-LVAD samples was observed. The explanation for this difference between both groups is unknown. DCM may have a genetic background that leads primarily to hypertrophy and fibrosis, leading to gene expression that differs from controls in several aspects, but is not completely reversed by LVAD support. By contrast, in IHD, the gene expression alterations that are induced by infarction are partly normalized by the unloading of the heart. The differences in mRNA expression between IHD and DCM may give an important clue in finding targets that are informative for the state of the (un)supported hearts. In pre-LVAD samples of DCM patients, the expression of only 7 genes (2 up-and 5 downregulated) differed from control which increased to 10 genes post-LVAD (7 up-and 3 down-regulated). In IHD pre-LVAD samples, the expression of 15 genes (13 up-and 2 downregulated) differed from control, which decreased to 8 genes post-LVAD (7 up-and only 1 down-regulated). In both groups most genes that were differentially expressed pre-LVAD normalized to control levels after LVAD support. On the other hand, LVAD support can also induce a down-or upregulation of genes of which the pre-LVAD levels did not differ from control level (Table 2) . Eleven genes showed significant changes pre-and post-LVAD in both DCM and IHD. However, only 3 genes showed changes that were the same in DCM and IHD (calcium channel alpha 1C subunit, integrin-11 and ryanodine receptor 2). In DCM, the expression of caveolin remained low (both pre-and post-LVAD) compared to control. This is in contrast to the described up-regulation of caveolin protein after LVAD support (Uray et al., 2003) . In IHD the expression of dystrophin and laminin (gamma 1) remained high after LVAD support. Changes in expression of both genes after LVAD have been described by others (Vatta et al., 2004; Birks et al., 2005; Refaat et al., 2008) . LVAD-induced changes in ECM and cardiomyocytes have been described by others as well (Milting et al., 2008; Bruggink et al 2006b; Thohan et al., 2005) . In this respect, the total number of genes coding for various structural elements, that were differentially expressed pre-and post-LVAD was surprisingly low. Morphological changes during LVAD support were paralleled by changes in collagen turnover and expression of genes encoding for structural collagens (Type I and III; Bruggink et al, 2006b; 2007) . So, the minor changes observed in expression of ECM genes in the present study may imply that most ECM changes are induced post-transcriptionally, either by micro-RNA regulation (Schipper et al., 2008) or in the matrix itself (e.g. by MMP). The latter is supported by significant changes in mRNA expression of MMP during LVAD support (Li et al., 2001; Klotz et al., 2005) . Interestingly the anchoring and connecting collagens (types VI, XIV and XV) and molecules involved in ECM assembly like fibulin, fibronectin, osteonectin and proteoglycans (fibromodulin, heparan sulfate and decorin; Pollard et al., 2008) changed upon LVAD, although not similar in DCM and IHD patients. The LVAD-induced changes in the expression of these molecules, including collagen, also observed by others (Jahanyar et al., 2007; Gabrielsen et al., 2007) , may contribute to the increased rigidity of the heart after LVAD support (Klotz et al., 2005) . Previously, we have shown that unloading of the left ventricle decreased the immunohistochemical expression of collagen IV in the BM (Bruggink et al., 2007) . In contrast, immunoreactivity of laminin did not show substantial changes upon LVAD. Of the 17 tested genes that encode BM proteins only few showed expression changes after LVAD, indicating a dysbalance between mRNA expression and protein expression. The few genes that did show changes upon LVAD, either in DCM or IHD, are involved in cell-adhesion (laminin 1 and 1, osteopontin). Together with the changes observed in the gene expression of the integrin, cadherin and sarcoglycan family members, these results underline the importance of these specific anchoring or connecting proteins in the structural changes observed (Birks et al.,2005; Gabrielsen et al., 2007; Latif et al., 2007; Kim et al.,1999) . Only minor changes were observed in the expression of genes encoding intracellular cytoskeleton proteins. In DCM, alterations after LVAD support in cytoskeletal filaments (dystrobrevin, filamin, junction plakoglobin, and talin) are more pronounced than in IHD (desmoplakin, dystrophin and talin; Gabrielsen et al., 2007) . This could indicate that this class of genes is more affected in DCM than in IHD, which may be explained by the different onset of myocardial damage in both diseases.
In the fibrotic pathway a remarkable difference between DCM and IHD is observed. In DCM the expression of pro-fibrotic factors (TGF 1, FGF, IGF, endothelin and CTGF) did not change upon LVAD support, but the expression of anti-fibrotic genes (BMP-4, BMP-7, decorin, and Id1) increased. This is paralleled by reduced fibrosis in DCM (Bruggink et al., 2006b ). In patients with IHD the expression of both anti-and pro-fibrotic factors remain unchanged upon LVAD support. However, in IHD the pre-LVAD expression levels of the www.intechopen.com pro-fibrotic response genes are stronger than in control whereas the expression of the antifibrotic gene BMP-7 is lower than in control. This will favour fibrosis in the hearts of patients with IHD. In these patients, the post-LVAD situation may be associated with a return of gene expression to control values. This may lead to a reduction of fibrosis as is shown in various studies. So, pro-and anti-fibrotic gene expression is in agreement with previously described reduction of fibrosis after LVAD support (Goldsmith and Borg, 2002; Gabrielsen et al., 2007) , although the mechanisms responsible differed between the two entities.
In view of the changes in mRNA expression that did not seem to be paralleled by corresponding protein expression, special emphasis was given to miR expression during LVAD support. These miRs are important in the post-transcriptional regulation of mRNAs, also in the heart (Chen, 2007; Couzin, 2008) . The miRs tested (miR-1, miR-133a and miR133b) had relatively low expression in the myocardium of heart failure patients compared to controls. In IHD patients the level of miR expression tended to return to control levels upon LVAD support. In DCM, however, the miR expression levels tended to decrease even further, which suggests that genes under the control of these miRs could be expressed even stronger. Chen et al. (2006) have described that miR-1 and miR-133 promote skeletal muscle myogenesis and myoblast proliferation, respectively (Townley-Tilson et al, 2010) . Similar data have been produced by Liu et al. (2007) and Ikeda et al. (2008) for the failing myocardium. The relatively low expression of miRs in the failing heart, compared to control, may be related to the presence of myocardial hypertrophy (De Jonge et al., 2002) , as overexpression of both miR-1 and miR-133 leads to cardiac hypertrophy (Care et al., 2007) . This difference in miR expression between DCM and IHD patients after LVAD support may be explained by the lack of need for cell proliferation in DCM unlike in IHD where there is a need for cell proliferation. Remodeling of DCM involves mainly a reduction of hypertrophy of cardiomyocytes, whereas IHD involves tissue repair including cell proliferation. This may indicate that the studied miRs are primarily involved in regulation of proliferative processes rather than in reduction of hypertrophy. As already mentioned, the reduction in miRNA expression in IHD patients is not restored completely to control levels during LVAD support, not in patients supported for a short period of time nor in patients supported for more than over one year. The miR data do show that myocardial expression of miRs changes upon heart failure (Busk and Cirera, 2010) and upon LVAD support. In that respect it is interesting to note that there are initial indications that miR released in the serum (Cheng et al. 2010 ) may act as biomarkers to screen for cardiac diseases (Adachi et al., 2010) and be targets for therapy (Seok and Wang, 2010) .
In conclusion, the set of genes coding for proteins involved in mechanotransduction, selected for the analysis of changes in mRNA expression pre-and post-LVAD, resulted in an identification of IHD and DCM as separate entities. The morphologic and structural changes observed in the failing human heart upon LVAD support are only partly reflected in changes of mRNA expression of genes encoding proteins involved in mechanotransduction. This suggests that most changes in ECM and intracellular filaments are not regulated at the mRNA level. However, expression of genes encoding membrane-bound proteins such as cadherin and integrins, and anchoring proteins such as collagen type VI and proteoglycans, is clearly affected by LVAD support and contributes to adaptation to improved loading conditions. Also the genes involved in fibrosis showed adaptation to LVAD support, and their expression runs parallel to the observed morphological changes. These genes may prove to be important biomarkers in the development of protocols which decide whether LVAD supported patients should undergo heart transplantation, can be weaned from the device, or could rather continue their LVAD therapy for a longer period of time. The role of miR as biomarkers in this decision making, but also as therapeutic targets, is promising but still needs further investigation (Montgomery and van Rooij, 2010) .
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